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The determination of soil water retention curves requires the volume to be measured in order to calculate the void ratio and degree of
saturation. The volume change of sample during drying and wetting cycles in soil water retention test is obvious and non-ignorable,
especially for soils with deformability. The soil water retention curve is generally superimposed with the volume change of soil
specimens. However, in general, many apparatus that are used for soil water retention testing cannot measure the volume change during
the test process. In this study, a modiﬁed experimental system, which can measure and record volume change during test, and also can
control the entire testing process via computer, is proposed to determine the soil water retention curve. The new system has several
advantages over existing apparatus. Notable amongst them is that it can automatically determine both the wetting and the drying
characteristics with high accuracy, and can measure volume change during test, using only one sample. This technical note presents the
design detail and algorithm for control software. Water retention curves considering volume change are determined for four types of
soil, ranging from sandy to silty. Then the effect of volume change on soil water retention curve is brieﬂy discussed.
& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Proper understanding of the soil water retention beha-
vior is an essential precondition for a comprehensive
description of unsaturated soils. The soil water retention
curve (SWRC) is deﬁned as the relationship between the
water content (volumetric water content, water content or
degree of saturation) and the matric suction of soil, which2 The Japanese Geotechnical Society. Production and
ier B.V. All rights reserved.
er responsibility of The Japanese Geotechnical Society
df.2012.02.012
oduction and hosting by Elsevier
g author. Tel.: þ81 92 802 3381; fax: þ81 92 802 3378.
ss: yasufuku@civil.kyushu-u.ac.jp (N. Yasufuku).is the difference between pore air pressures and pore water
pressure (s¼uauw). The reliability in the determination
of the soil water retention curve is of great interest in the
research of unsaturated soils, as it is generally related to
signiﬁcant change in the unsaturated coefﬁcient of perme-
ability (Fredlund et al., 1996; Nishimura et al., 2006), shear
strength of soils (Fredlund et al., 1996; Vanapalli et al.,
1996), and particle size distribution curve (Kosugi and
Hopmans, 1998). However, the soil water retention curve
is not unique, and is usually referred to as hysteresis. For
example, same soil may have different water contents at
the same suction value in the wetting and drying process.
In laboratory and ﬁeld tests, the suction and water
content can be directly measured as a series of discrete
data. The sample volume is required to be measured as it is
used to calculate the volumetric water content or degree of
saturation. There are various methods that can be used in
laboratory tests for determining the soil water retention
curve, such as the suction method, the pressurized method,
the centrifuge method, the vapor pressure method and the
Nomenclature
V0 initial volume of soil specimen
Va0 initial volume of air
e0 initial void ratio
Vs volume of soil solids
DV total volume change
Vaf ﬁnial volume of air
ef ﬁnial void ratio
Vf ﬁnial volume of soil specimen
Photo 1. Set up of automatic soil water retention test system (left) and
main unit (right).
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2000). Among them, the pressurized method is adopted
most widely, since suction is easily controlled using this
method: it utilizes the axis translation technique to impose
suction on soil specimens. It is possible to control suction
by applying air pressure to the sample. In this study this
method is adopted.
Some apparatus that can obtain a soil water retention
curve and hydraulic conductivity concurrently had been
developed (Uno et al., 1990; Lu et al., 2006). Commercially
available apparatus such as a Tempe pressure cell and the
volumetric pressure plate extractor are commonly used for
the laboratory measurements of the soil water retention
curve. These apparatus are based on the suction method
and the pressurized method, and the systems require data to
be manually observed from time to time and do not consider
the effect of volume change on the soil water retention curve.
Likos and Lu (2003) developed a computer-automated
experimental system for determining total suction character-
istic curves using relative humidity control method. With
further extension of the system, it can measure the axial
strain at the same time (Likos, 2004; Likos and Lu, 2006).
There are various methods that can be used to measure the
volume change of soil specimens (Head, 1980; Pe´ron et al,
2007). The method in which the deformation of soil specimen
is measured to obtain the volume change has been most
widely adopted. A vertical load is applied to the sample to
guarantee the contact between the samples and conﬁning ring
and, thus, the volume change due to suction change can be
simply determined by monitoring the axial displacement of
the top plate (Padilla et al., 2005). The merit is that the
volume change of specimen can be measured continuously
during both drying and wetting process by using only one
specimen, assuming that the soil specimen is in full contact
with the conﬁning ring and that the volume change is
homogeneous. In this study, this method is adopted to
measure the volume change of soil specimen.
The soil water retention test is a tedious and time
consuming test, and the long time required to achieve
equilibrium of test tends to lead the operator to ﬁnish the
test prematurely. Automating the test process using an
automatic soil water retention test system can thus elim-
inate the artiﬁcial error. This paper focuses on the devel-
opment of an automatic test system, which can be used to
measure the volume change of soil specimen during drying
and wetting process under one-dimensional and K0 condi-
tion. Samples, varying from sandy to silty soils were used
to verify the capability of the system. The merits and
demerits of the system were discussed and the effect ofvolume change on soil water retention curve was brieﬂy
indicated on the basis of the obtained experimental data.2. Automatic soil water retention test system
2.1. Components of equipment
The setup of the automatic soil water retention test
system and main unit used in this study is shown in Photo
1. The automatic soil water retention test system consists
of a measuring unit, which is similar to oedometer-type
device, control software and an air pressure compressor.
The automatic soil water retention test system is schema-
tically shown in Fig. 1. As shown in the ﬁgure, the top
plate is modiﬁed by ﬁxing a displacement gage using a
screw. The diameter of specimen is 51 mm and the height is
50 mm. A porous plastic plate was put on the top of the
soil specimen that exerts an overburden pressure of 0.7 kPa
on the specimen, and therefore can be neglected. The base
plate is connected to a four-way connector. The other three
connections are to a tube, a water supply tank and a water
pressure transducer, as shown in Fig. 1. The tube is used
for storing or supplying the water, which is released from
or absorbed into the specimen. The water pressure trans-
ducer is used to measure water pressure in the tube. This
value together with the area of tube was used to calculate
the change of water content of specimen. The water supply
tank is used for supplying water to the specimen during
saturation process. On the top of water supply tank, there
is a vacuum generator. It can produce a vacuum environ-
ment in water supply tank in order to produce non-air
water using high-speed airﬂow method. Before starting the
Fig. 1. Schematic outline of the automatic soil water retention test device.
Q. Liu et al. / Soils and Foundations 52 (2012) 368–380370test, the valve of the water supply tank is closed. The top
plate is connected to a three-way connector. The other two
connections are with a barometer and a control box, which
contains an electro-pneumatic pressure (E/P) regulator, a
digital to analog (D/A) converter and an air pressure
regulator. The barometer is used to measure air pressure,which is added to the specimen. The control box is used to
supply steady air pressure to the specimen and this process
can be controlled by signal from computer. All the three
sensors are connected to a data logger, which is connected
to a computer. The function of each accessory is summar-
ized in Fig. 1.
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The control software is originally developed by authors
to control the whole test procedure, which was compiled
by Visual Basic language. Fig. 2 shows the ﬂowchart of the
core part of the software. The control procedure starts
from inputting experiment condition (e.g. number of
samples, cycle number of drying and wetting processes,Fig. 2. Algorithm oftarget air pressure, [P], or suction, [S], in every steps. The
software reads water pressure continually until a constant
value is obtained. This constant value is recorded as an
initial value. Then the software sends out a signal to
electro-pneumatic pressure (E/P) regulator to adjust the
output air pressure, Pi, which is applied to the soil
specimen. After that, the program continuously loops until
it is interrupted by system task. The interval of system taskcontrol software.
Q. Liu et al. / Soils and Foundations 52 (2012) 368–380372is invoked by the timer-control at any interval (e.g. 0.2, 1,
5, 10, 20, 30, 60 s). Each system task begins by reading the
water pressure, and then the program counts until the end
of the elapsed time, DT. When the elapsed time is larger
than equilibrium time, Te (which was input before testing),
the program checks whether the equilibrium states, which
include both the water pressure transducer and the dis-
placement gage, of the soil specimen are achieved or not.
Essentially, the selection criterion of equilibrium time is
decided by the hydraulic conductivity of soil. The mean of
selected equilibrium time is to ensure that the hydraulic
conductivity of soil is larger than the readable hydraulic
conductivity, which is the minimum calculated value based
on the equilibrium condition. When the hydraulic con-
ductivity of soil is larger than the readable hydraulic
conductivity, it means that the amount of water from
drainage or absorption can be measured. Fig. 3 shows the
relationship between the readable hydraulic conductivity
and suction at different conditions of volumetric ﬂow rate
(different equilibrium time). According to the relationship
(Jw¼k@H/@z) among the hydraulic conductivity, k,
gradient of water potential, @H/@z and volumetric ﬂow
rate, Jw. In order to get the equivalent hydraulic con-
ductivity, it is necessary to obtain the volumetric ﬂow rate
and the gradient of water potential. According to the
deﬁnition of the volumetric ﬂow rate, Jw¼Q/At, where, Q
is the quantity of water, A is the area of cross-section of
specimen, t is the equilibrium time. The volumetric ﬂow
rate can be calculated as follows.
The readable water head of the water pressure transdu-
cer used in this study was 1 mm. Therefore, the readable
quantity of water ﬂow is 0.05 cm3, because diameter of
water collection tube is 4 mm. When assuming that the
equilibrium is 1 h, considering the cross-section area of soil
specimen is 19.6 cm2 and, the volumetric water ﬂow rate,
Jw, is calculated to be 7.1 107 cm/s. Thus, assuming the
suction of soil specimen is 1 kPa and considering the height
of the specimen is 5.1 cm, the gradient of water potential isFig. 3. Relationship between readable hydraulic conductivity and suction.equal to 1.9. Finally, the readable hydraulic conductivity
becomes around 3.7 107 cm/s. The amount of water in
the tube can be used to track the water content in the
specimen at any time. The equilibrium state is assumed to
be attained when no more water moves out of or into the
specimen which means change of water ﬂow, DQ, is less
than the minimum water ﬂow, Qmin within equilibrium
time, and no volume change occurs in the soil specimen or
the speed of volume change can be neglected, which means
the change of displacement, DD, is less than minimum
displacement, Dmin within equilibrium time. In this study,
in order to judge the equilibrium condition, the conven-
tional equation is adopted, which is described in Appendix
A. In this study, the values of standard deviations of data
are chosen as 0.025 and 0.0025 for the water pressure
transducer and the displacement gage, respectively. These
values correspond to Qmin and Dmin, respectively. The
whole process of judgment is done by the control software
automatically.
When the equilibrium of the soil specimen is achieved,
the program judges the three conditions of the test in order
to decide whether the test should be terminated or not.
Firstly, the program judges the ﬁrst condition of test:
whether the current test process is under drying process or
wetting process. If the test is under drying process, then the
program judges the second condition of test: whether the
drying process of this cycle is ﬁnished or not by comparing
current value of air pressure or suction is equal to value of
maximum air pressure, Pmax, or suction, Smax. If the drying
process of this cycle is ﬁnished, the program judges the
third condition of test: whether there are still wetting cycles
that need to be executed or not. If there are no tasks left,
the whole test will be terminated by closing all the sensors
and returning back to the main program. Otherwise the
program automatically shifts to the wetting process and
the test continues.
Two methods (air pressure control method and suction-
control method) are provided to the user to control the test
process. The air control method will adjust the air pressure
to the target value of air pressure in every step. However,
the suction-control method will adjust the air pressure to
fulﬁll the target value of suction in every step. The two
doted frames shown in Fig. 2 can replace each other. The
algorithm of suction-control method is brieﬂy described in
Appendix B.
3. Materials and methodology
Four kinds of soils, varying from sandy soil to silty soil,
were used in this study. The four soils were: K-8, Takeda,
Sasaguri and Fukuchi. K-8 is a commercially available
soil. The other three soils were taken from a site where
slope failure occurred. Takeda is a sampling from Takeda
Town of Oita Prefecture (Japan), Sasaguri and Fukuchi
were obtained from Kasuya District and Tagawa District
of Fukuoka Prefecture (Japan), respectively. The grain size
distribution curves of these soils are given in Fig. 4. Basic
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sample was oven dried and passed through a 4.75 mm
sieve. All samples were mixed with water at a water
content of 5%. The required amount of soil is put into
sample chamber and compacted to target density. Dis-
placement is measured by using a digital displacement gage
with a resolution of 0.001 mm. The tests were performed at
a constant temperature of 2571 1C.
The test procedure starts from the saturation of a
ceramic disk, which has an air entry value of 200 kPa, by
immersing it in to a vacuum cylinder and leaving it for at
least one day. Then the base plate and corresponding tubes
were connected and ﬁlled with none-air deionization water.
The ceramic disk is then put into the bottom of the plate
and the sample chamber and the accessory seal rubber ring
is assembled and fastened to the base plate. The specimen
is placed on the top of a water-saturated, high air entry
value ceramic disk or a cellulose membrane, which allows
the water pressure to be controlled in the soil specimen.
After that, the prepared specimen is saturated by main-
taining a positive water head through the base plate.
During the saturating process, the water head in tube
was recorded from time to time, until the constant water
head is achieved, and then top plate is assembled.
The tube was vented to atmospheric pressure all the
time. At the beginning, the atmospheric air pressure was
maintained in the specimen until the water pressure in the
tube becomes constant. The constant value was recordedFig. 4. Grain size distribution curve of soil samples.
Table 1
Basic properties of soil samples.
No. Speciﬁc gravity of
soil particle Gs
Liquid limit
wL (%)
Plastic limit
wP (%)
Plastic
index
1 K-8 2.69 – – –
2 Takeda 2.66 62.7 29.0 0.34
3 Sasaguri 2.82 67.5 39.2 0.28
4 Fukuchi 2.89 55.1 33.3 0.22as the initial value (Fig. 2). Then the air-pressure is
increased through the inlet tube on the top plate to another
value following a data array, which was input before the
test as basic information. Water starts draining from the
specimen through the porous barrier until equilibrium is
reached. When the equilibrium condition is achieved, the
software automatically records the corresponding air
pressure and water pressure. The air pressure was then
increased to another value, and this procedure was con-
tinued until the drying process was accomplished.
After completing of the drying process, the test was
continued for the wetting process, if it is set in the
beginning. However, when wetting process does not start
from the extreme dry condition (e.g. suction is 1500 kPa),
the obtained curve is not the main curve but a scanning
curve. The corresponding data of the drying and wetting
path is recorded and calculated by the computer. Each
matric suction value is calculated from the air pressure and
corresponding water pressure. When the whole test process
is completed, the sample is taken out to measure the water
content by oven drying. This water content, together with
the previous changes in the tube, is used to back-calculate
the water content corresponding to the other suction
values.
4. Theoretical analysis
The soil water retention test can be considered as a form
of special compression in a drained condition. The total
volume change during the soil water retention test gen-
erates from the rearrangement of soil solids. A detailed
analysis is described in the following section. A primary
assumption of this analysis is that the process is an
isothermal one.
4.1. Air phase, water phase, soil particles
Among the three phases of unsaturated soils, the air
phase is most easily compressed. By using the deﬁnition of
air compressibility (Eq. (1a)) and Boyle’s law, the com-
pressibility of air can be expressed as Eq. (1b)
Ca ¼
1
Va
dVa
dua
ð1aÞ
Ca ¼
1
ua
ð1bÞIP
Gravel
(%)
Sand
(%)
Silt
(%)
Clay
(%)
Uniformity
coefﬁcient Uc
Curvature
coefﬁcient U0c
0 45.5 45.5 9 13.6 1.53
10 36 29 25 – –
33.8 25.5 23.7 17 1000 0.324
45.1 32.7 10.2 12 857.1 23.8
Fig. 5. Concept of volumetric composition of three phase in unsaturated
soil.
Q. Liu et al. / Soils and Foundations 52 (2012) 368–380374where Ca is the isothermal compressibility of air, Va is the
volume of air, dVa/dua is the air volume change with
respect to the change of air pressure and %ua is the absolute
air pressure. Eq. (1b) shows that the isothermal compres-
sibility of air is inversely proportional to the absolute air
pressure. In other words, the air has greater compressi-
bility when the absolute air pressure is small (Fredlund and
Rahardjo, 1993). However, most of the air phase is
exposed to an air compressor. This part of the air has no
effect on the volume change of the soil specimen. Only the
other part of air, which is the enclosed air, contributes to
the volume change of the soil specimen.
The compressibility of water is deﬁned as follows:
Cw ¼
1
Vw
dVw
duw
ð2Þ
where Cw is the isothermal compressibility of water, Vw is
the volume of water, uw is the water pressure, dVw/duw is
the water volume change with respect to the change of
water pressure. The compressibility of water can be
neglected because the real water pressure in most of the
apparatus was maintained at zero. In this study, the water
pressure is less than 6 kPa during the soil water retention
test. Dissolved air in water produces an insigniﬁcant
difference between the compressibility of air-free water
and air-saturated water (Dorsey, 1940). Therefore, the
compressibility of water has no signiﬁcant effect on the
volume change of the soil specimen. However, the volume
of water changes due to the change of suction in the soil
specimen. This kind of relationship is usually described
mathematically and can be generalized as follows:
DVw ¼ f ðsuÞ ð3Þ
where Vw is the volume change of water and Su is the
suction of soil.
Since soil particles are generally considered incompres-
sible, the rearrangement of soil solids generates a total
permanent volume change of the soil specimen.4.2. Application of volume change assumed
The volume change of the three phases of soil during the
test is shown in Fig. 5. Considering any two continuous
equilibrium stages during the test, the stage before suction
change is referred to as the initial condition, the stage after
the equilibrium of soil specimen is referred as the ﬁnal
condition. As discussed before, the rearrangement of soil
particles is the only source that contributes towards the
total volume changes. This change can be calculated by the
difference between the volume change of the air phase and
the volume change of the water phase theoretically. There-
fore, when considering the volume change, Eq. (3) should
be substituted with Eq. (4). It means that not only suction
but also the void ratio, e, has an inﬂuence on water
content:
DVw ¼ f ðsu; eÞ ð4ÞConsidering that the section area of the specimen does
not change during the test, which was conﬁrmed after the
test by disassembling the apparatus, the volumetric strain
can be written as follows. Here ei is the volumetric strain in
i stage, V is the original total volume of soil specimen, Vi is
the volume change in i stage (it is also equal to the
summation of volume change of air and water). However,
if any lateral shrinkage occurs, it indicates that the
accuracy of Eq. (5) is low:
ei ¼
DVi
V
 100% ð5Þ
From a microscopic point of view, the volume change
during soil water retention test inﬂuences the interaction of
water with soil, and hence it inﬂuences the drainage
property. Therefore, it is very difﬁcult to get a quantitative
solution. From a macroscopic point of view, a volume
change will inﬂuence the value of the water content,
because volume is involved in calculating the volumetric
water content and the degree of saturation. Considering
the volume change of the soil specimen, the volumetric
water content and the degree of saturation can be cor-
rected as follows:
y
0
wi ¼
Vwi
VDVi
¼ ywi
1ei
ð6aÞ
S
0
r ¼
Vwi
ð1eiÞVVs
 100% ð6bÞ
where y
0
wi is the corrected volumetric water content in the i
stage, Vwi is the volume of water in the i stage, ywi is the
volumetric water content in the i stage, S
0
r is the corrected
degree of saturation. The correction of volumetric water
content can be written in Eq. (6a). The volumetric water
content is inversely proportional to the total volume. The
correction for the degree of saturation can be written as in
Eq. (6b). The relationship between the corrected degree of
saturation and the volume of voids indicates the same
tendency as Eq. (6a). The water content will not change
since it is not related to the volume of soil. It is obvious
that the effect of volume change depends on the deﬁnition
of water content.
Fig. 7. Performance of suction-control method.
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5.1. Accuracy of automatic soil water retention test system
To evaluate the performance of the automatic soil water
retention test system, the relationship between the output
data of the water pressure transducer, barometer, displace-
ment gage and elapsed time were carefully checked. As
shown in Fig. 6, these sensors are recorded by a data
logger system at intervals of 60 s. It can be seen that while
air pressure stepwise increases (or decreases), water pres-
sure and displacement increase (or decrease) gradually.
This shows that all sensors correctly reﬂect the test process
with elapsed time. The air pressure control method was
adopted here.
Fig. 7 shows the test result by suction-control method.
Air pressure, water pressure and matric suction, which is
given as the difference between air and water pressures, are
drawn as a function of the elapsed time. The tendency of
output of all sensors is similar as that in Fig. 6, which is
obtained by air pressure control method. In order to
obtain the target suction, the water pressure wasFig. 6. Variation in displacement, negative water pressure and air
pressure with respect to elapsed time. (a) Relationship between displace-
ment and elasped time, (b) relationship between negative water pressure
and elasped time and (c) relationship between air pressure and elasped
time.monitored from time to time. The air pressure is adjusted
via the electronic pneumatic pressure regulator by bisec-
tion method, in which the air pressure was adjusted by
adding air pressure in steps by taking the half of difference
between the target suction and the current suction. It
shows that in order to obtain a target suction value of
26 kPa, the program adjusts air pressure from initial value
of 2.8–12 kPa, then to 17.5 kPa, and ﬁnally to 22.5 kPa.
The corresponding value of suction achieves target suction
after three adjustments.
The accuracy of the water pressure transducer was
0.01 kPa (1 mm water head), the area of cross-section of
the tube was about 0.5 cm2, and therefore the minimum
volume of water that can be observed was 0.05 cm3. The
system error was deﬁned as the minimum obtainable value
of volumetric water content, and considering the volume of
soil specimen as 100 cm3, the error was found to be less
than 0.1%.
5.2. Applications of automatic soil water retention
test system
Fig. 8 shows the relationship of the negative water
pressure, air pressure and the displacement with elapsed
time. These results were arbitrarily chosen from two
continuous stages for both the wetting process (Fig. 8(a))
and the drying process (Fig. 8(b)). In the ﬁgures, the
hollow triangular mark shows the negative water pressure,
which reﬂect the change in the water content of the soil
specimen. In addition, the hollow circle showed vertical
displacement, which reﬂects a volume change in the soil
specimen. The arrows indicate the time when the equili-
brium states of adsorption or drainage of water and
volume change were achieved. This equilibrium states were
decided by a program automatically based on the method
described in Appendix A. As shown in Fig. 8, the
adsorption or drainage of water and volume change of
soil specimens occur at the time when the air pressure
changes. It can be seen that the process of adsorption or
Fig. 8. Coupling of drainage and volume change of soil. (a) Wetting
process an (b) drying process
Q. Liu et al. / Soils and Foundations 52 (2012) 368–380376drainage of water takes longer than the volume change of
soil specimen in both the drying process and the wetting
process. There may be two possible reasons for this. First,
the volumetric change occurs due to the rebuilding of the
soil structure. However, due to the drainage from the
micro pore the soil structure does not rebuild. Because of
viscosity of water, the drainage process is gradual. Sec-
ondly, the specimen is prepared by compaction in three
layers, therefore, the anisotropy and heterogeneity of soil
specimen can also result in differences between the elapsed
time of drainage and the volume change.
Fig. 9 shows the effect of volume change on the soil
water retention curves. The solid mark indicates the result
without considering the volume change and the hollow
mark is the modiﬁed result obtained from Eq. (6a). It can
be observed that volume change plays an important role in
determining the soil water retention curve, especially when
the original volumetric water content is large. Since the
volumetric water content is not directly measured, the
volume change of soil specimens has a cumulative effect on
the volumetric water content or the degree of saturation,
which means that the effect of volume change on soil water
retention curves becomes greater in the residual condition,
when the slope of the soil water retention curve becomessmall. Because, except for the ﬁrst initial equilibrium point,
all the modiﬁed data have higher water content compared
with the original one, the modiﬁed curve can be obtained
by rotating the original curve anticlockwise, when the ﬁrst
initial equivalent point is considered the rotating center.
Fig. 10 shows a series of test results showing the
relationship between suction and volumetric strain. Gen-
erally, this relationship is characteristically highly non-
linear. In the drying process, the volumetric strain
increases as suction increases. This process can be sepa-
rated into two stages. At ﬁrst, the volumetric strain
dramatically increases with increasing suction, and then
approaches a constant value. The point which corresponds
to the maximum curvature has a strong relationship with
the air entry value of soil specimen. However, in the
wetting process, the volumetric strain decreases linearly
with decreasing suction. In this study, four types of soils
were used to evaluate the effect of volume change on the
soil water retention curve. For all four kinds of soils, the
maximum volumetric strain was less than 3%, as shown in
Table 2.
As shown in Fig. 11, an error of about 0.3% of
volumetric water content occurs when the original value
of the volumetric water content is 0.1 and the volumetric
strain is 3%. This value is much greater than a system
error. In other words, the volume change can be consid-
ered as an important factor that increases the accuracy of
the soil water retention curve. In addition, this effect will
be pronounced if the degree of saturation is chosen as the
indicator of the moisture content. The shaded part in
Fig. 11 indicates the area where the effect of volume
change can be neglected. The calculated results are based
on Eq. (6a).
In order to compare the effect of volume change on the
soil water retention curves of each specimen, a normalized
volumetric water content, M, was introduced, which is
given by
M ¼ y
0
wiywi
ywi
 100% ð7Þ
where y
0
wi is the corrected volumetric water content in the i
stage, Vwi is the volume of water in the i stage, ywi is the
volumetric water content in the i stage, M is the normal-
ized volumetric water content. Fig. 12 shows the effect of
volume change on the soil water retention curves. The
relationship between the normalized volumetric water
content, M, and suction shows a nonlinear characteristic.
5.3. Limitations and further development of automatic soil
water retention test system
The characteristics and advantages of a newly developed
automatic soil water retention test system have been
discussed, based on the experimental data. However, the
system has limitations of its own. Firstly, the main unit is
made of acrylic acid resin, which limits the applicable air
pressure to about 300 kPa. Considering this point, the test
Fig. 9. Effect of volume change on soil water retention curve. (a) k-8, (b) takeda, (c) sasaguri and (d) fukuchi.
Fig. 10. Relationship between suction and volumetric strain. (a) k-8, (b) takeda, (c) sasaguri and (d) fukuchi.
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soils. It is not applicable to clay soils. Secondly, since the
air can diffuse through the water in the ceramic disk, the
diffused air accumulates beneath the ceramic disk andintroduces an error in both the water volume change
measurement and in the equilibrium of soil specimen. In
the typical Tempe cell, this point cannot be solved. The
volumetric pressure plate apparatus can also be used as
Table 2
Test condition.
No. Initial void
ratio e0
Initial dry density
rd (g/cm
3)
Applied pressure (kPa) Maximum volumetric strain
emax (%)
Elapsed time (h)
Maximum air
pressure
Maximum water
pressure
Equilibrium
time
Total
time
1 K-8 1.22 1.21 182.2 2.95 2.22 6 330.2
2 Takeda 1.92 0.91 190.1 5.82 2.78 3 143.2
3 Sasaguri 2.24 0.87 193.0 5.86 2.39 6 325.6
4 Fukuchi 1.70 1.07 189.7 4.45 1.67 3 247.8
Fig. 11. Relationship between volumetric strain and difference of volu-
metric water content.
Fig. 12. Relationship between normalized volumetric water content and
suction.
Q. Liu et al. / Soils and Foundations 52 (2012) 368–380378main unit instead of the Tempe cell. However, some
accessories need to be developed to solve this problem. In
addition, how these accessories collaborate with the auto-
matic test system needs further research. Thirdly, the sample
deformation induced by suction is sensitive to the displace-
ment boundary conditions (Sibley and Williams, 1989).Therefore, as further research, the boundary effect of the
soil specimen should be carefully considered.
In this study, the test results only show the general
tendency of volume change and suction. Therefore, further
discussions are necessary to clearly characterize the rela-
tionship of soil water retention characteristics curves with
the volume change of soils during testing.
6. Conclusions
This paper focuses on the development of an automatic
soil water retention system, which can measure the volume
change during the drying and wetting process. Various soil
samples from sandy to silty soils were used to verify the
capability of the system in this study. A method is
presented to evaluate the effect of volume change on the
soil water retention curve. The following conclusions were
able to be drawn from this research:(1) The automatic soil water retention test apparatus provides
an easy and accurate way to carry out the tests within the
system error of 0.1%, which is considered acceptable for
sandy and silty soils. Once the soil specimen is prepared
and test condition is input, the test process is automatically
executed under the control of software.(2) Two methods, air pressure control method and suc-
tion-control method, were provided for performing soil
water retention test. Based on the test results, the
difference between measured data and target data of
air pressure or suction is less than 0.1 kPa, when air
pressure is less than 200 kPa.(3) In both the drying and the wetting process, the elapsed
time to reach the equilibrium is greater in the case of
displacement than that of the water content. This
provides useful information to judge whether the
equilibrium of soil specimen has been achieved or not.(4) The volume change of soil specimens should be
considered as an important factor in the soil water
retention curve since it produces a signiﬁcant error. For
example, when a volume change of 3% can occurs
during the test, the volumetric water content generates
an error about 0.3%, if the original volumetric water
content is about 0.1. This tendency becomes larger with
larger original volumetric water content.
undations 52 (2012) 368–380 379Only limited soil samples were used in this research.
More detailed research work is needed to clarify the
general effect of volume change on the soil water
retention curve.
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Q. Liu et al. / Soils and FoFig. A-1. Equilibrium conditions of the soil specimen.Appendix A
The data of water pressure transducer and displacement
gage is volatile with elapsed time. It was assumed that
these data obey the following normal distribution:
f ðxÞ ¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ps2
p eððxmÞ2Þ=2s2
where parameter m is mean of x, s is standard deviation of x,
e is Euler’s constant, x is data of water pressure or
displacement. According to normal distribution theory,
about 68% of values drawn from a normal distribution are
within one standard deviation s away from the mean m;
about 95% of the values lie within two standard deviations.
Therefore two standard deviations, 2s or four standard
deviations, 4s are considered as threshold of the stability of
observed data. This means that when 2s or 4s are less than
the accuracy of the water pressure transducer and displace-
ment gage during a period, the equilibrium condition of test
is considered to be attained (Fig. A1).Appendix B
If time interval is fulﬁlled then ‘wait for a time period’
If 4sdr0.001 mm and 4spr0.1 kPa then ‘check
whether the water pressure transducer is stable or not’
If 9SitSi9Z0.1 kPa then ‘to judge current suction is
equal to target suction or not’
Piþ1¼Piþ0.59Siþ1Si9 ‘adjust current air
pressure to next step’
Else Pi¼Piþ0.59SiSit9 ‘adjust current air
presssure to more close to tagret suction’
Else wait until next time interval ‘wait water pressure
transducer becomes stable’
Else exitWhere Sit is current suction value, sd is standard deviation
of displacement, sp is standard deviation of water pressure.
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